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 ﾠ
Optical	 ﾠimaging	 ﾠin	 ﾠvivo	 ﾠwith	 ﾠmolecular	 ﾠspecificity	 ﾠis	 ﾠimportant	 ﾠin	 ﾠbiomedicine	 ﾠbecause	 ﾠof	 ﾠits	 ﾠ
high	 ﾠspatial	 ﾠresolution	 ﾠand	 ﾠsensitivity	 ﾠcompared	 ﾠto	 ﾠMRI.	 ﾠStimulated	 ﾠRaman	 ﾠscattering	 ﾠ(SRS)	 ﾠ
microscopy	 ﾠallows	 ﾠhighly	 ﾠsensitive	 ﾠoptical	 ﾠimaging	 ﾠbased	 ﾠon	 ﾠvibrational	 ﾠspectroscopy	 ﾠwithout	 ﾠ
adding	 ﾠ toxic	 ﾠ or	 ﾠ perturbative	 ﾠ labels.	 ﾠ However,	 ﾠ SRS	 ﾠ tissue	 ﾠ imaging	 ﾠ in	 ﾠ living	 ﾠ animals	 ﾠ and	 ﾠ
humans	 ﾠhas	 ﾠnot	 ﾠbeen	 ﾠfeasible	 ﾠbecause	 ﾠof	 ﾠweak	 ﾠsignals	 ﾠfrom	 ﾠthick	 ﾠtissues	 ﾠand	 ﾠmotion	 ﾠblur	 ﾠdue	 ﾠ
to	 ﾠ limited	 ﾠ acquisition	 ﾠ speed.	 ﾠ Here	 ﾠ we	 ﾠ make	 ﾠ in	 ﾠ vivo	 ﾠ SRS	 ﾠ imaging	 ﾠ possible	 ﾠ by	 ﾠ significantly	 ﾠ
enhancing	 ﾠthe	 ﾠcollection	 ﾠof	 ﾠthe	 ﾠbackscattered	 ﾠsignal	 ﾠand	 ﾠby	 ﾠincreasing	 ﾠthe	 ﾠimaging	 ﾠspeed	 ﾠby	 ﾠ
three	 ﾠorders	 ﾠof	 ﾠmagnitude,	 ﾠto	 ﾠvideo	 ﾠrate.	 ﾠThis	 ﾠallows	 ﾠlabel-ﾭfree	 ﾠin	 ﾠvivo	 ﾠimaging	 ﾠof	 ﾠwater,	 ﾠlipid	 ﾠ
and	 ﾠprotein	 ﾠin	 ﾠskin	 ﾠand	 ﾠmapping	 ﾠof	 ﾠpenetration	 ﾠpathways	 ﾠof	 ﾠtopically-ﾭapplied	 ﾠdrugs	 ﾠin	 ﾠmice	 ﾠ
and	 ﾠhumans.	 ﾠ
	 ﾠ
Optical	 ﾠ imaging	 ﾠ techniques	 ﾠ are	 ﾠ complimentary	 ﾠ to	 ﾠ magnetic	 ﾠ resonance	 ﾠ imaging	 ﾠ (MRI)	 ﾠ for	 ﾠ in	 ﾠ vivo	 ﾠ
applications.	 ﾠWhile	 ﾠthe	 ﾠpenetration	 ﾠdepth	 ﾠof	 ﾠMRI	 ﾠis	 ﾠmuch	 ﾠhigher,	 ﾠoptical	 ﾠtechniques	 ﾠoffer	 ﾠsuperior	 ﾠ
spatiotemporal	 ﾠresolution.	 ﾠLabel-ﾭ‐free	 ﾠoptical	 ﾠimaging	 ﾠtechniques	 ﾠhave	 ﾠattracted	 ﾠsignificant	 ﾠresearch	 ﾠ
interest	 ﾠfor	 ﾠin	 ﾠvivo	 ﾠapplication	 ﾠto	 ﾠhumans,	 ﾠbecause	 ﾠdyes	 ﾠor	 ﾠstains	 ﾠthat	 ﾠare	 ﾠused	 ﾠto	 ﾠobtain	 ﾠcontrast	 ﾠin	 ﾠ
fluorescence	 ﾠimaging	 ﾠmay	 ﾠbe	 ﾠtoxic	 ﾠor	 ﾠperturbative.	 ﾠRecent	 ﾠdevelopments	 ﾠin	 ﾠapplying	 ﾠtwo	 ﾠphoton	 ﾠ
autofluorescence	 ﾠ microscopy	 ﾠ (1)	 ﾠ or	 ﾠs e c o n d 	 ﾠh a r m o n i c 	 ﾠg e n e r a t i o n 	 ﾠ microendoscopy	 ﾠ (2)	 ﾠ in	 ﾠ vivo	 ﾠi n 	 ﾠ
humans	 ﾠhave	 ﾠrevealed	 ﾠa	 ﾠwealth	 ﾠof	 ﾠstructural	 ﾠand	 ﾠfunctional	 ﾠinformation	 ﾠthat	 ﾠis	 ﾠnot	 ﾠobtainable	 ﾠusing	 ﾠ
other	 ﾠmethods,	 ﾠbut	 ﾠthose	 ﾠtechniques	 ﾠare	 ﾠlimited	 ﾠto	 ﾠrelatively	 ﾠfew	 ﾠspecific	 ﾠmolecular	 ﾠsignatures.	 ﾠ
Vibrational	 ﾠspectroscopy	 ﾠoffers	 ﾠlabel-ﾭ‐free	 ﾠchemical	 ﾠcontrast	 ﾠfor	 ﾠall	 ﾠmajor	 ﾠstructural	 ﾠcomponents	 ﾠof	 ﾠ
tissue,	 ﾠsuch	 ﾠas	 ﾠlipids,	 ﾠwater	 ﾠand	 ﾠproteins,	 ﾠas	 ﾠwell	 ﾠas	 ﾠa	 ﾠvariety	 ﾠof	 ﾠsmall	 ﾠmolecules	 ﾠsuch	 ﾠas	 ﾠdrugs	 ﾠor	 ﾠ
other	 ﾠmetabolites.	 ﾠCoherent	 ﾠRaman	 ﾠscattering	 ﾠ(CRS)	 ﾠ(3)	 ﾠ methods	 ﾠallow	 ﾠvibrational	 ﾠimaging	 ﾠwith	 ﾠ
subcellular	 ﾠ spatial	 ﾠ resolution	 ﾠ and	 ﾠ orders	 ﾠ of	 ﾠ magnitude	 ﾠ higher	 ﾠ acquisition	 ﾠ speed	 ﾠ than	 ﾠ ordinary	 ﾠ
spontaneous	 ﾠRaman	 ﾠscattering.	 ﾠ	 ﾠ
Coherent	 ﾠanti-ﾭ‐Stokes	 ﾠRaman	 ﾠscattering	 ﾠ(CARS)	 ﾠ(4,	 ﾠ5)	 ﾠhas	 ﾠbeen	 ﾠused	 ﾠfor	 ﾠfast	 ﾠimaging	 ﾠof	 ﾠbiological	 ﾠ
samples,	 ﾠprimarily	 ﾠwith	 ﾠlipid	 ﾠcontrast,	 ﾠ(6,	 ﾠ7),	 ﾠat	 ﾠspeeds	 ﾠup	 ﾠto	 ﾠvideo	 ﾠrate	 ﾠ(8).	 ﾠ	 ﾠHowever,	 ﾠCARS	 ﾠsuffers	 ﾠ
from	 ﾠspectral	 ﾠdistortion	 ﾠ(9),	 ﾠlimited	 ﾠsensitivity	 ﾠdue	 ﾠto	 ﾠan	 ﾠunwanted	 ﾠnonresonant	 ﾠbackground	 ﾠ(10),	 ﾠ
nonlinear	 ﾠconcentration	 ﾠdependence	 ﾠ (11)	 ﾠ and	 ﾠcoherent	 ﾠimage	 ﾠartifacts	 ﾠ (12),	 ﾠ making	 ﾠ quantitative	 ﾠ
interpretation	 ﾠand	 ﾠapplications	 ﾠbeyond	 ﾠlipid	 ﾠimaging	 ﾠdifficult.	 ﾠThe	 ﾠrecent	 ﾠdevelopment	 ﾠof	 ﾠStimulated	 ﾠ
Raman	 ﾠscattering	 ﾠ(SRS)	 ﾠmicroscopy	 ﾠovercame	 ﾠall	 ﾠof	 ﾠthese	 ﾠlimitations	 ﾠ(13-ﾭ16),	 ﾠfulfilling	 ﾠthe	 ﾠpromise	 ﾠof	 ﾠ
useful	 ﾠvibrational	 ﾠcontrast	 ﾠ(17,	 ﾠ18).	 ﾠ	 ﾠ
In	 ﾠSRS	 ﾠmicroscopy,	 ﾠthe	 ﾠsample	 ﾠis	 ﾠexcited	 ﾠat	 ﾠthe	 ﾠpump	 ﾠfrequency,	 ﾠωp,	 ﾠand	 ﾠStokes	 ﾠfrequency,	 ﾠωS.	 ﾠIf	 ﾠthe	 ﾠ
difference	 ﾠfrequency,	 ﾠΔω=ωp-ﾭ‐ωS,	 ﾠmatches	 ﾠa	 ﾠmolecular	 ﾠvibration	 ﾠin	 ﾠthe	 ﾠsample	 ﾠat	 ﾠΩvib	 ﾠ(Fig.	 ﾠ1A),	 ﾠthe	 ﾠ
Stokes	 ﾠbeam	 ﾠintensity	 ﾠincreases	 ﾠand	 ﾠthe	 ﾠpump	 ﾠbeam	 ﾠintensity	 ﾠdecreases	 ﾠas	 ﾠa	 ﾠresult	 ﾠof	 ﾠthe	 ﾠcoherent	 ﾠ
excitation	 ﾠof	 ﾠmolecular	 ﾠvibrations.	 ﾠUnder	 ﾠbiocompatible	 ﾠexcitation	 ﾠconditions,	 ﾠthe	 ﾠintensity	 ﾠchanges,	 ﾠ
ΔI,	 ﾠ are	 ﾠ small	 ﾠ compared	 ﾠ to	 ﾠ the	 ﾠ intensity,	 ﾠ I,	 ﾠ of	 ﾠ the	 ﾠ excitation	 ﾠ beams	 ﾠ (ΔI/I<10-ﾭ‐3).	 ﾠ We	 ﾠ use	 ﾠ a	 ﾠh i g h 	 ﾠ
frequency	 ﾠmodulation	 ﾠtransfer	 ﾠmethod	 ﾠto	 ﾠdetect	 ﾠthe	 ﾠsignal	 ﾠwith	 ﾠhigh	 ﾠsensitivity	 ﾠ(Fig.	 ﾠS1)(14).	 ﾠIn	 ﾠthis	 ﾠ
approach,	 ﾠwe	 ﾠmodulate	 ﾠthe	 ﾠintensity	 ﾠof	 ﾠthe	 ﾠStokes	 ﾠbeam	 ﾠand	 ﾠmeasure	 ﾠthe	 ﾠmodulation	 ﾠtransfer	 ﾠto	 ﾠthe	 ﾠ	 ﾠ 2	 ﾠ
pump	 ﾠbeam	 ﾠwith	 ﾠa	 ﾠlock-ﾭ‐in	 ﾠamplifier	 ﾠafter	 ﾠblocking	 ﾠthe	 ﾠmodulated	 ﾠStokes	 ﾠbeam	 ﾠwith	 ﾠan	 ﾠoptical	 ﾠfilter.	 ﾠ
Because	 ﾠlaser	 ﾠnoise	 ﾠand	 ﾠintensity	 ﾠfluctuations	 ﾠassociated	 ﾠwith	 ﾠscanning	 ﾠthe	 ﾠfocus	 ﾠthrough	 ﾠa	 ﾠturbid	 ﾠ
sample	 ﾠoccur	 ﾠat	 ﾠlow	 ﾠfrequencies,	 ﾠdetection	 ﾠat	 ﾠhigh	 ﾠfrequency	 ﾠ(>1MHz)	 ﾠoffers	 ﾠexquisite	 ﾠsensitivity	 ﾠ
(ΔI/I<10-ﾭ‐8	 ﾠin	 ﾠ1s).	 ﾠDespite	 ﾠthe	 ﾠsignificant	 ﾠadvantages	 ﾠof	 ﾠSRS	 ﾠcontrast,	 ﾠit	 ﾠhas	 ﾠnot	 ﾠbeen	 ﾠapplied	 ﾠin	 ﾠliving	 ﾠ
animals	 ﾠor	 ﾠhumans	 ﾠfor	 ﾠtwo	 ﾠreasons.	 ﾠ	 ﾠ
First,	 ﾠprevious	 ﾠSRS	 ﾠimages	 ﾠrequired	 ﾠ~1	 ﾠminute	 ﾠper	 ﾠframe,	 ﾠwhich	 ﾠis	 ﾠmuch	 ﾠtoo	 ﾠslow	 ﾠbecause	 ﾠliving	 ﾠ
animals	 ﾠand	 ﾠhumans	 ﾠinevitably	 ﾠmove	 ﾠon	 ﾠthe	 ﾠmicroscopic	 ﾠscale	 ﾠ(movie	 ﾠS1),	 ﾠblurring	 ﾠthe	 ﾠimages.	 ﾠTo	 ﾠ
achieve	 ﾠhigh	 ﾠspeed	 ﾠimaging	 ﾠ(Fig.	 ﾠ1B),	 ﾠwe	 ﾠmodulate	 ﾠthe	 ﾠintensity	 ﾠof	 ﾠthe	 ﾠStokes	 ﾠbeam	 ﾠat	 ﾠ20	 ﾠMHz	 ﾠand	 ﾠ
use	 ﾠa	 ﾠhome-ﾭ‐built	 ﾠall-ﾭ‐analog	 ﾠlock-ﾭ‐in	 ﾠamplifier	 ﾠwith	 ﾠa	 ﾠresponse	 ﾠtime	 ﾠof	 ﾠ~100	 ﾠns	 ﾠ(Fig.	 ﾠS2).	 ﾠThe	 ﾠco-ﾭ‐linear	 ﾠ
laser	 ﾠbeams	 ﾠwere	 ﾠtuned	 ﾠto	 ﾠmatch	 ﾠa	 ﾠvibrational	 ﾠfrequency	 ﾠof	 ﾠinterest	 ﾠ(Fig.	 ﾠ1C)	 ﾠand	 ﾠraster-ﾭ‐scanned	 ﾠ
across	 ﾠthe	 ﾠsample	 ﾠby	 ﾠa	 ﾠresonant	 ﾠgalvanometer	 ﾠmirror	 ﾠwith	 ﾠa	 ﾠline	 ﾠrate	 ﾠof	 ﾠ8	 ﾠkHz	 ﾠ(100	 ﾠns	 ﾠper	 ﾠpixel	 ﾠat	 ﾠ
512x512	 ﾠpixels	 ﾠwith	 ﾠup	 ﾠto	 ﾠ30	 ﾠframes/second).	 ﾠWhile	 ﾠprevious	 ﾠSRS	 ﾠmicroscopy	 ﾠwas	 ﾠlimited	 ﾠby	 ﾠthe	 ﾠ
100	 ﾠµs	 ﾠresponse	 ﾠtime	 ﾠof	 ﾠa	 ﾠcommercial	 ﾠlock-ﾭ‐in	 ﾠamplifier	 ﾠ(SR844,	 ﾠStanford	 ﾠResearch	 ﾠSystems),	 ﾠour	 ﾠnew	 ﾠ
system	 ﾠis	 ﾠthree	 ﾠorders	 ﾠof	 ﾠmagnitude	 ﾠfaster.	 ﾠ	 ﾠ
Second,	 ﾠSRS	 ﾠmicroscopy	 ﾠinvolves	 ﾠmeasurement	 ﾠof	 ﾠthe	 ﾠintensity	 ﾠloss	 ﾠof	 ﾠthe	 ﾠtransmitted	 ﾠpump	 ﾠbeam,	 ﾠ
which	 ﾠis	 ﾠnot	 ﾠfeasible	 ﾠin	 ﾠthick,	 ﾠnon-ﾭ‐transparent	 ﾠsamples	 ﾠ(e.g.	 ﾠa	 ﾠhuman	 ﾠarm).	 ﾠTherefore,	 ﾠwe	 ﾠmust	 ﾠrely	 ﾠ
on	 ﾠ back-ﾭ‐scattering	 ﾠ of	 ﾠ the	 ﾠ forward-ﾭ‐going	 ﾠs i g n a l 	 ﾠb y 	 ﾠt i s s u e .	 ﾠ This	 ﾠ was	 ﾠ previously	 ﾠ collected	 ﾠb y 	 ﾠthe	 ﾠ
excitation	 ﾠobjective	 ﾠ(14),	 ﾠwhich	 ﾠworks	 ﾠfor	 ﾠsamples	 ﾠwith	 ﾠextremely	 ﾠhigh	 ﾠscattering	 ﾠ(18).	 ﾠHowever,	 ﾠin	 ﾠ
biological	 ﾠtissues,	 ﾠthe	 ﾠepi-ﾭ‐directed	 ﾠsignal	 ﾠcollected	 ﾠthrough	 ﾠthe	 ﾠobjective	 ﾠis	 ﾠtoo	 ﾠweak	 ﾠfor	 ﾠhigh	 ﾠspeed	 ﾠ
imaging:	 ﾠeven	 ﾠwith	 ﾠ>60s	 ﾠintegration	 ﾠtime,	 ﾠthe	 ﾠsignal-ﾭ‐to-ﾭ‐noise	 ﾠobtained	 ﾠfrom	 ﾠtissue	 ﾠwas	 ﾠpoor	 ﾠ(14).	 ﾠ
To	 ﾠquantitatively	 ﾠunderstand	 ﾠthe	 ﾠlight	 ﾠcollection	 ﾠin	 ﾠepi-ﾭ‐SRS,	 ﾠwe	 ﾠperformed	 ﾠnon-ﾭ‐sequential	 ﾠray	 ﾠtracing	 ﾠ
simulations	 ﾠ(19),	 ﾠin	 ﾠwhich	 ﾠwe	 ﾠsimulate	 ﾠthe	 ﾠpropagation	 ﾠof	 ﾠa	 ﾠlarge	 ﾠnumber	 ﾠ	 ﾠ(~106)	 ﾠof	 ﾠrays	 ﾠemitted	 ﾠ
from	 ﾠthe	 ﾠfocal	 ﾠvolume	 ﾠinto	 ﾠa	 ﾠbulk	 ﾠmedium	 ﾠwith	 ﾠuser-ﾭ‐defined	 ﾠscattering	 ﾠparameters,	 ﾠwhich	 ﾠis	 ﾠused	 ﾠas	 ﾠ
a	 ﾠmodel	 ﾠfor	 ﾠtissue	 ﾠ(Fig.	 ﾠ2A).	 ﾠScattering	 ﾠevents	 ﾠalong	 ﾠa	 ﾠray’s	 ﾠtrajectory	 ﾠare	 ﾠmodeled	 ﾠprobabilistically	 ﾠ
(20),	 ﾠand	 ﾠwe	 ﾠmeasure	 ﾠthe	 ﾠfinal	 ﾠdistribution	 ﾠof	 ﾠthe	 ﾠlight	 ﾠafter	 ﾠit	 ﾠis	 ﾠemitted	 ﾠfrom	 ﾠthe	 ﾠsimulated	 ﾠtissue	 ﾠ
volume.	 ﾠWe	 ﾠfind	 ﾠthat,	 ﾠas	 ﾠexpected,	 ﾠ40-ﾭ‐45%	 ﾠof	 ﾠthe	 ﾠlight	 ﾠis	 ﾠbackscattered	 ﾠin	 ﾠa	 ﾠthick	 ﾠtissue	 ﾠsample	 ﾠ
because	 ﾠscattering	 ﾠdominates	 ﾠover	 ﾠabsorption	 ﾠin	 ﾠmost	 ﾠtissues	 ﾠ(21).	 ﾠBecause	 ﾠof	 ﾠmultiple-ﾭ‐scattering,	 ﾠ
the	 ﾠdiffuse	 ﾠcloud	 ﾠof	 ﾠback-ﾭ‐scattered	 ﾠlight	 ﾠhas	 ﾠa	 ﾠradius	 ﾠof	 ﾠ∼5	 ﾠmm	 ﾠat	 ﾠthe	 ﾠfront	 ﾠaperture	 ﾠof	 ﾠthe	 ﾠobjective	 ﾠ
lens	 ﾠ (Fig.	 ﾠ 2B),	 ﾠ largely	 ﾠ independent	 ﾠ of	 ﾠ the	 ﾠ excitation	 ﾠ numerical	 ﾠ aperture	 ﾠ (Fig.	 ﾠ 2C).	 ﾠ A	 ﾠt y p i c a l 	 ﾠ
microscope	 ﾠobjective	 ﾠhas	 ﾠa	 ﾠfront	 ﾠaperture	 ﾠradius	 ﾠof	 ﾠ∼1-ﾭ‐2	 ﾠmm,	 ﾠso	 ﾠmore	 ﾠthan	 ﾠ90%	 ﾠof	 ﾠthe	 ﾠbackscattered	 ﾠ
light	 ﾠdoes	 ﾠnot	 ﾠeven	 ﾠenter	 ﾠthe	 ﾠobjective.	 ﾠWe	 ﾠsolve	 ﾠthis	 ﾠproblem	 ﾠby	 ﾠplacing	 ﾠthe	 ﾠphotodetector	 ﾠdirectly	 ﾠ
in	 ﾠfront	 ﾠof	 ﾠthe	 ﾠobjective	 ﾠlens,	 ﾠand	 ﾠexciting	 ﾠthrough	 ﾠa	 ﾠhole	 ﾠin	 ﾠthe	 ﾠcenter	 ﾠof	 ﾠthe	 ﾠdetector	 ﾠ(Fig.	 ﾠ1B).	 ﾠIn	 ﾠthis	 ﾠ
geometry,	 ﾠwe	 ﾠexperimentally	 ﾠfound	 ﾠin	 ﾠmouse	 ﾠskin	 ﾠthat	 ﾠwe	 ﾠwere	 ﾠable	 ﾠto	 ﾠcollect	 ﾠ∼28%	 ﾠof	 ﾠthe	 ﾠlaser	 ﾠlight	 ﾠ
impinging	 ﾠonto	 ﾠthe	 ﾠsample.	 ﾠGiven	 ﾠthe	 ﾠangular	 ﾠdistribution	 ﾠof	 ﾠthe	 ﾠback-ﾭ‐scattered	 ﾠlight	 ﾠ(Fig.	 ﾠS3),	 ﾠa	 ﾠfilter	 ﾠ
to	 ﾠblock	 ﾠthe	 ﾠmodulated	 ﾠStokes	 ﾠbeam	 ﾠwhile	 ﾠtransmitting	 ﾠthe	 ﾠpump	 ﾠbeam	 ﾠhad	 ﾠto	 ﾠbe	 ﾠspecially	 ﾠdesigned	 ﾠ
(Fig.	 ﾠS4).	 ﾠ	 ﾠ	 ﾠ
Using	 ﾠ this	 ﾠ system,	 ﾠ we	 ﾠ image	 ﾠ skin	 ﾠi n 	 ﾠvivo	 ﾠ in	 ﾠ mice.	 ﾠ Figure	 ﾠ 3	 ﾠs h o w s 	 ﾠs i n g l e 	 ﾠSRS	 ﾠ video	 ﾠ rate	 ﾠ frames	 ﾠ
obtained	 ﾠusing	 ﾠthe	 ﾠCH2	 ﾠstretching	 ﾠ(primarily	 ﾠlipids,	 ﾠFig.	 ﾠ3A,D),	 ﾠOH	 ﾠstretching	 ﾠ(primarily	 ﾠwater,	 ﾠFig.	 ﾠ
3B,E)	 ﾠand	 ﾠCH3	 ﾠstretching	 ﾠ(primarily	 ﾠprotein,	 ﾠFig.	 ﾠ3F,G)	 ﾠvibrations.	 ﾠThe	 ﾠlipid	 ﾠdistributions	 ﾠ(movie	 ﾠS2)	 ﾠ
are	 ﾠas	 ﾠexpected	 ﾠfrom	 ﾠprevious	 ﾠwork	 ﾠ(14),	 ﾠbut	 ﾠwater	 ﾠcan	 ﾠonly	 ﾠbe	 ﾠmeasured	 ﾠin	 ﾠvivo	 ﾠbecause	 ﾠthe	 ﾠskin	 ﾠ
hydration	 ﾠchanges	 ﾠin	 ﾠexcised	 ﾠtissue.	 ﾠImaging	 ﾠwater	 ﾠis	 ﾠof	 ﾠparticular	 ﾠinterest	 ﾠin	 ﾠstudying	 ﾠthe	 ﾠtransport	 ﾠ
properties	 ﾠof	 ﾠwater-ﾭ‐soluble	 ﾠdrugs	 ﾠand	 ﾠtheir	 ﾠeffect	 ﾠon	 ﾠthe	 ﾠhydration	 ﾠof	 ﾠthe	 ﾠskin	 ﾠbarrier	 ﾠ(22).	 ﾠ	 ﾠ
Figure	 ﾠ3C	 ﾠhighlights	 ﾠthat	 ﾠCARS	 ﾠimaging	 ﾠof	 ﾠwater	 ﾠis	 ﾠdistorted	 ﾠby	 ﾠthe	 ﾠnonresonant	 ﾠbackground,	 ﾠwhich	 ﾠ
introduces	 ﾠ an	 ﾠ image	 ﾠ artifact:	 ﾠ it	 ﾠ shows	 ﾠp o s i t i v e 	 ﾠc o n t r a s t 	 ﾠf o r 	 ﾠt h e 	 ﾠl i p i d -ﾭ‐rich	 ﾠ areas	 ﾠ of	 ﾠ the	 ﾠ stratum	 ﾠ
corneum	 ﾠlayer,	 ﾠwhich	 ﾠdo	 ﾠnot	 ﾠcontain	 ﾠwater.	 ﾠThus	 ﾠthe	 ﾠcontrast	 ﾠin	 ﾠCARS	 ﾠis	 ﾠinverted	 ﾠcompared	 ﾠto	 ﾠthe	 ﾠ
real	 ﾠwater	 ﾠdistribution.	 ﾠThis	 ﾠeffect	 ﾠis	 ﾠnot	 ﾠobserved	 ﾠin	 ﾠSRS	 ﾠbecause	 ﾠit	 ﾠis	 ﾠfree	 ﾠfrom	 ﾠthis	 ﾠbackground	 ﾠ
(14).	 ﾠSignal	 ﾠaveraging	 ﾠcan	 ﾠfurther	 ﾠimprove	 ﾠthe	 ﾠsignal-ﾭ‐to-ﾭ‐noise	 ﾠratio	 ﾠif	 ﾠthe	 ﾠsample	 ﾠremains	 ﾠstill	 ﾠenough	 ﾠ
(Fig.	 ﾠS5).	 ﾠ	 ﾠ	 ﾠ
The	 ﾠprotein	 ﾠimage	 ﾠ(Fig.	 ﾠ3F,	 ﾠG	 ﾠand	 ﾠFig.	 ﾠS6)	 ﾠshows	 ﾠred	 ﾠblood	 ﾠcells	 ﾠmoving	 ﾠin	 ﾠa	 ﾠcapillary	 ﾠof	 ﾠthe	 ﾠviable	 ﾠ
epidermis	 ﾠ(movie	 ﾠS3).	 ﾠBy	 ﾠperforming	 ﾠa	 ﾠline-ﾭ‐scan	 ﾠover	 ﾠtime	 ﾠwe	 ﾠreconstructed	 ﾠa	 ﾠplot	 ﾠof	 ﾠthe	 ﾠcells	 ﾠas	 ﾠ	 ﾠ 3	 ﾠ
they	 ﾠpass	 ﾠthrough	 ﾠthe	 ﾠscan	 ﾠline	 ﾠ(Fig.	 ﾠ3G),	 ﾠallowing	 ﾠfor	 ﾠin	 ﾠvivo	 ﾠflow	 ﾠcytometry	 ﾠ(23)	 ﾠbased	 ﾠon	 ﾠintrinsic	 ﾠ
chemical	 ﾠcontrast.	 ﾠ	 ﾠ
Figure	 ﾠ4	 ﾠdemonstrates	 ﾠthe	 ﾠability	 ﾠof	 ﾠSRS	 ﾠmicroscopy	 ﾠto	 ﾠfollow	 ﾠthe	 ﾠpenetration	 ﾠof	 ﾠa	 ﾠsmall	 ﾠmolecule	 ﾠ
drug	 ﾠ(trans-ﾭ‐retinol,	 ﾠwhich	 ﾠstimulates	 ﾠcollagen	 ﾠsynthesis)	 ﾠinto	 ﾠmouse	 ﾠskin.	 ﾠContrast	 ﾠusing	 ﾠthe	 ﾠCH3	 ﾠand	 ﾠ
CH2	 ﾠstretching	 ﾠhighlights	 ﾠthe	 ﾠmorphology	 ﾠof	 ﾠthe	 ﾠskin.	 ﾠBy	 ﾠtuning	 ﾠin	 ﾠto	 ﾠthe	 ﾠpolyene	 ﾠstretch	 ﾠof	 ﾠretinol,	 ﾠ
we	 ﾠ see	 ﾠ that	 ﾠ the	 ﾠ drug	 ﾠ has	 ﾠ penetrated	 ﾠ via	 ﾠ the	 ﾠ hair	 ﾠ shaft	 ﾠi n t o 	 ﾠt h e 	 ﾠs e b a c e o u s 	 ﾠg l a n d ,	 ﾠ one	 ﾠ of	 ﾠ three	 ﾠ
hypothesized	 ﾠpenetration	 ﾠroutes	 ﾠinto	 ﾠskin	 ﾠ(24,	 ﾠ25).	 ﾠAveraging	 ﾠthe	 ﾠthree-ﾭ‐dimensional	 ﾠdata	 ﾠ(movie	 ﾠS4),	 ﾠ
we	 ﾠsee	 ﾠthe	 ﾠlocalization	 ﾠof	 ﾠretinol	 ﾠsurrounding	 ﾠthe	 ﾠhair	 ﾠand	 ﾠin	 ﾠthe	 ﾠtop	 ﾠof	 ﾠthe	 ﾠsebaceous	 ﾠgland	 ﾠ(Fig.	 ﾠ4L).	 ﾠ
In	 ﾠour	 ﾠprevious	 ﾠwork,	 ﾠperformed	 ﾠusing	 ﾠexcised	 ﾠtissue,	 ﾠthis	 ﾠpathway	 ﾠwas	 ﾠnot	 ﾠobserved	 ﾠ(14),	 ﾠindicating	 ﾠ
the	 ﾠimportance	 ﾠof	 ﾠin	 ﾠvivo	 ﾠstudies	 ﾠbecause	 ﾠthe	 ﾠtransport	 ﾠproperties	 ﾠof	 ﾠsmall	 ﾠmolecules	 ﾠcan	 ﾠbe	 ﾠaffected	 ﾠ
by	 ﾠthe	 ﾠskin	 ﾠtemperature,	 ﾠ	 ﾠmoisture	 ﾠcontent	 ﾠand	 ﾠother	 ﾠfactors.	 ﾠ	 ﾠ
Figure	 ﾠ5	 ﾠshows	 ﾠin	 ﾠvivo	 ﾠSRS	 ﾠimaging	 ﾠof	 ﾠhuman	 ﾠskin.	 ﾠCell	 ﾠlayers	 ﾠof	 ﾠthe	 ﾠviable	 ﾠepidermis	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠ
when	 ﾠtuned	 ﾠin	 ﾠto	 ﾠthe	 ﾠCH3	 ﾠstretching	 ﾠband.	 ﾠHigh	 ﾠcontrast	 ﾠis	 ﾠavailable	 ﾠfor	 ﾠnuclei	 ﾠ(Fig.	 ﾠ5A,B)	 ﾠand	 ﾠthe	 ﾠ
varying	 ﾠnuclear	 ﾠsize	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠfind	 ﾠthe	 ﾠboundary	 ﾠbetween	 ﾠthe	 ﾠviable	 ﾠepidermis	 ﾠand	 ﾠthe	 ﾠstratum	 ﾠ
corneum.	 ﾠFigure	 ﾠ5C	 ﾠshows	 ﾠa	 ﾠhair	 ﾠdisappearing	 ﾠdown	 ﾠthe	 ﾠhair	 ﾠshaft.	 ﾠIn	 ﾠthis	 ﾠcase,	 ﾠdeuterated	 ﾠDMSO,	 ﾠa	 ﾠ
penetration-ﾭ‐enhancing	 ﾠ small	 ﾠ molecule,	 ﾠ was	 ﾠ applied	 ﾠ to	 ﾠ the	 ﾠ skin.	 ﾠ By	 ﾠ tuning	 ﾠ to	 ﾠ the	 ﾠ C-ﾭ‐D	 ﾠ stretching	 ﾠ
vibration	 ﾠat	 ﾠ2125	 ﾠcm-ﾭ‐1,	 ﾠcontrast	 ﾠfrom	 ﾠDMSO	 ﾠappeared.	 ﾠIt	 ﾠcan	 ﾠagain	 ﾠbe	 ﾠseen	 ﾠthat	 ﾠit	 ﾠaccumulates	 ﾠin	 ﾠthe	 ﾠ
area	 ﾠ surrounding	 ﾠ the	 ﾠ hair,	 ﾠ though	 ﾠ it	 ﾠ does	 ﾠ not	 ﾠ completely	 ﾠ penetrate	 ﾠ into	 ﾠ the	 ﾠ hair	 ﾠ itself.	 ﾠ Such	 ﾠ
mechanistic	 ﾠ insight	 ﾠ into	 ﾠ the	 ﾠ transport	 ﾠ of	 ﾠ small	 ﾠ molecules	 ﾠ can	 ﾠ only	 ﾠ be	 ﾠ obtained	 ﾠ from	 ﾠ label-ﾭ‐free	 ﾠ
chemical	 ﾠimaging.	 ﾠ	 ﾠ
By	 ﾠovercoming	 ﾠthe	 ﾠchallenges	 ﾠassociated	 ﾠwith	 ﾠperforming	 ﾠhigh	 ﾠspeed,	 ﾠepi-ﾭ‐detected	 ﾠSRS	 ﾠmicroscopy,	 ﾠ
this	 ﾠpowerful	 ﾠlabel-ﾭ‐free	 ﾠimaging	 ﾠmodality	 ﾠcan	 ﾠnow	 ﾠbe	 ﾠapplied	 ﾠto	 ﾠa	 ﾠbroad	 ﾠrange	 ﾠof	 ﾠproblems	 ﾠin	 ﾠwhole	 ﾠ
living	 ﾠorganisms	 ﾠincluding	 ﾠsmall	 ﾠanimals	 ﾠand	 ﾠhumans.	 ﾠLabel-ﾭ‐free	 ﾠoptical	 ﾠimaging	 ﾠis	 ﾠlikely	 ﾠto	 ﾠplay	 ﾠan	 ﾠ
increasingly	 ﾠimportant	 ﾠrole	 ﾠin	 ﾠmedical	 ﾠdiagnostics	 ﾠin	 ﾠhumans.	 ﾠ
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Fig.	 ﾠ1	 ﾠStimulated	 ﾠRaman	 ﾠscattering	 ﾠ(SRS)	 ﾠmicroscopy.	 ﾠ(A)	 ﾠEnergy	 ﾠdiagram	 ﾠof	 ﾠSRS.	 ﾠIf	 ﾠthe	 ﾠdifference	 ﾠ
frequency	 ﾠof	 ﾠthe	 ﾠexcitation	 ﾠbeams	 ﾠΔω=ωp-ﾭ‐ωS	 ﾠmatches	 ﾠa	 ﾠvibrational	 ﾠfrequency	 ﾠin	 ﾠthe	 ﾠsample	 ﾠat	 ﾠΩvib,	 ﾠa	 ﾠ
molecule	 ﾠ is	 ﾠ excited	 ﾠ from	 ﾠ the	 ﾠ vibrational	 ﾠ ground	 ﾠ state	 ﾠ (ν=0)	 ﾠ to	 ﾠ a	 ﾠ vibrational	 ﾠe x c i t e d 	 ﾠs t a t e 	 ﾠ( ν=1),	 ﾠ
passing	 ﾠthrough	 ﾠa	 ﾠvirtual	 ﾠstate	 ﾠ(VS).	 ﾠThis	 ﾠresults	 ﾠin	 ﾠa	 ﾠphoton	 ﾠin	 ﾠthe	 ﾠpump	 ﾠfield	 ﾠbeing	 ﾠannihilated	 ﾠ
(stimulated	 ﾠRaman	 ﾠloss)	 ﾠand	 ﾠa	 ﾠphoton	 ﾠin	 ﾠthe	 ﾠStokes	 ﾠfield	 ﾠbeing	 ﾠcreated	 ﾠ(stimulated	 ﾠRaman	 ﾠgain)	 ﾠ
which	 ﾠcan	 ﾠbe	 ﾠprobed	 ﾠas	 ﾠa	 ﾠcontrast	 ﾠfor	 ﾠmicroscopy.(B)	 ﾠExperimental	 ﾠsetup	 ﾠfor	 ﾠin	 ﾠvivo	 ﾠSRS	 ﾠmicroscopy.	 ﾠ
The	 ﾠStokes	 ﾠbeam	 ﾠis	 ﾠmodulated	 ﾠwith	 ﾠan	 ﾠelectro-ﾭ‐optic	 ﾠmodulator	 ﾠ(EOM),	 ﾠspatially	 ﾠoverlapped	 ﾠwith	 ﾠthe	 ﾠ
pump	 ﾠbeam	 ﾠwith	 ﾠa	 ﾠdichroic	 ﾠmirror	 ﾠ(DM)	 ﾠand	 ﾠaligned	 ﾠinto	 ﾠa	 ﾠlaser	 ﾠscanning	 ﾠmicroscope.	 ﾠThe	 ﾠbeams	 ﾠare	 ﾠ
focused	 ﾠby	 ﾠthe	 ﾠobjective	 ﾠlens	 ﾠ(OL)	 ﾠand	 ﾠthe	 ﾠcommon	 ﾠfocal	 ﾠspot	 ﾠis	 ﾠscanned	 ﾠthrough	 ﾠthe	 ﾠspecimen	 ﾠ(SP)	 ﾠ
by	 ﾠ a	 ﾠ galvo	 ﾠ mirror	 ﾠ (GM)	 ﾠ and	 ﾠ a	 ﾠ resonant	 ﾠ galvo	 ﾠ mirror	 ﾠ (RGM).	 ﾠ The	 ﾠ detected	 ﾠ intensity	 ﾠ of	 ﾠ the	 ﾠ
backscattered	 ﾠ pump	 ﾠ beam	 ﾠ is	 ﾠ demodulated	 ﾠ with	 ﾠ a	 ﾠ custom	 ﾠ high	 ﾠ speed	 ﾠ lock-ﾭ‐in	 ﾠ amplifier	 ﾠ (LIA)	 ﾠ to	 ﾠ
provide	 ﾠthe	 ﾠSRS	 ﾠsignal	 ﾠto	 ﾠthe	 ﾠcomputer	 ﾠ(PC).	 ﾠThe	 ﾠinset	 ﾠdepicts	 ﾠthe	 ﾠepi-ﾭ‐detector	 ﾠassembly.	 ﾠThe	 ﾠsample	 ﾠ
is	 ﾠexcited	 ﾠby	 ﾠfocusing	 ﾠlight	 ﾠthrough	 ﾠa	 ﾠsmall	 ﾠhole	 ﾠin	 ﾠthe	 ﾠcenter	 ﾠof	 ﾠthe	 ﾠlarge-ﾭ‐area	 ﾠepi-ﾭ‐detector	 ﾠ(PD).	 ﾠ
Scattering	 ﾠre-ﾭ‐directs	 ﾠa	 ﾠsignificant	 ﾠportion	 ﾠof	 ﾠthe	 ﾠforward-ﾭ‐traveling	 ﾠlight	 ﾠto	 ﾠilluminate	 ﾠthe	 ﾠdetector	 ﾠ
active	 ﾠarea.	 ﾠThe	 ﾠmodulated	 ﾠStokes	 ﾠbeam	 ﾠis	 ﾠblocked	 ﾠby	 ﾠan	 ﾠoptical	 ﾠfilter	 ﾠ(FI),	 ﾠand	 ﾠthe	 ﾠtransmitted	 ﾠpump	 ﾠ
beam	 ﾠis	 ﾠdetected.	 ﾠ(C)	 ﾠRaman	 ﾠspectra	 ﾠof	 ﾠchemical	 ﾠcompounds	 ﾠimaged	 ﾠin	 ﾠthis	 ﾠwork.	 ﾠTo	 ﾠimage	 ﾠthe	 ﾠ
architecture	 ﾠof	 ﾠskin,	 ﾠwe	 ﾠmake	 ﾠuse	 ﾠof	 ﾠthe	 ﾠOH-ﾭ‐stretching	 ﾠvibration	 ﾠof	 ﾠwater	 ﾠ(3250	 ﾠcm-ﾭ‐1,	 ﾠblue),	 ﾠthe	 ﾠCH3	 ﾠ
stretching	 ﾠvibration,	 ﾠwhich	 ﾠprimarily	 ﾠarises	 ﾠfrom	 ﾠprotein	 ﾠ(2950	 ﾠcm-ﾭ‐1,	 ﾠmagenta,	 ﾠrepresented	 ﾠby	 ﾠsoy	 ﾠ
protein	 ﾠextract),	 ﾠand	 ﾠthe	 ﾠCH2	 ﾠstretching	 ﾠvibration,	 ﾠwhich	 ﾠarises	 ﾠprimarily	 ﾠfrom	 ﾠlipids	 ﾠ(2845	 ﾠcm-ﾭ‐1,	 ﾠred,	 ﾠ
represented	 ﾠ by	 ﾠ oleic	 ﾠ acid).	 ﾠ Exogenous	 ﾠ topically	 ﾠ applied	 ﾠ drugs	 ﾠ may	 ﾠ have	 ﾠ unique	 ﾠ vibrational	 ﾠ
signatures,	 ﾠsuch	 ﾠas	 ﾠthe	 ﾠpolyene	 ﾠstretching	 ﾠvibration	 ﾠof	 ﾠretinol	 ﾠ(1596	 ﾠcm-ﾭ‐1,	 ﾠgreen),	 ﾠor	 ﾠmay	 ﾠbe	 ﾠlabeled	 ﾠ
with	 ﾠdeuterium	 ﾠand	 ﾠimaged	 ﾠusing	 ﾠC-ﾭ‐D	 ﾠstretching,	 ﾠin	 ﾠthis	 ﾠcase	 ﾠof	 ﾠd6-ﾭ‐dimethyl	 ﾠsulfoxide	 ﾠ(2125	 ﾠcm-ﾭ‐1,	 ﾠ
yellow).	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Fig.	 ﾠ2	 ﾠNon-ﾭ‐sequential	 ﾠray-ﾭ‐tracing	 ﾠsimulations	 ﾠof	 ﾠcollection	 ﾠefficiency	 ﾠwith	 ﾠan	 ﾠannular	 ﾠdetector.	 ﾠ(A)	 ﾠ
Logarithmic	 ﾠplot	 ﾠof	 ﾠthe	 ﾠdistribution	 ﾠof	 ﾠthe	 ﾠrelative	 ﾠintensity	 ﾠof	 ﾠthe	 ﾠbackscattered	 ﾠlight	 ﾠat	 ﾠthe	 ﾠtissue	 ﾠ
surface	 ﾠfrom	 ﾠa	 ﾠfocus	 ﾠat	 ﾠa	 ﾠdepth	 ﾠof	 ﾠ100	 ﾠµm	 ﾠinto	 ﾠthe	 ﾠtissue	 ﾠ(scattering	 ﾠmean	 ﾠfree	 ﾠpath	 ﾠ=	 ﾠ200	 ﾠµm,	 ﾠ
anisotropy	 ﾠ=	 ﾠ0.9)	 ﾠemitting	 ﾠin	 ﾠthe	 ﾠforward	 ﾠdirection	 ﾠwith	 ﾠa	 ﾠ0.4	 ﾠnumerical	 ﾠaperture.	 ﾠ(B)	 ﾠDepth	 ﾠprofile	 ﾠ
of	 ﾠtissue	 ﾠshowing	 ﾠsample	 ﾠray	 ﾠtrajectories	 ﾠcolored	 ﾠaccording	 ﾠto	 ﾠthe	 ﾠfinal	 ﾠoutcome.	 ﾠGreen	 ﾠtraces	 ﾠare	 ﾠ
back-ﾭ‐scattered	 ﾠ to	 ﾠ the	 ﾠ tissue	 ﾠ surface,	 ﾠ red	 ﾠ traces	 ﾠ are	 ﾠ scattered	 ﾠ within	 ﾠ the	 ﾠ tissue	 ﾠ until	 ﾠ they	 ﾠ are	 ﾠ
absorbed,	 ﾠ and	 ﾠ blue	 ﾠ traces	 ﾠ are	 ﾠ transmitted	 ﾠt h r o u g h 	 ﾠt h e 	 ﾠ2 	 ﾠc m 	 ﾠt h i c k n e s s 	 ﾠo f 	 ﾠt h e 	 ﾠs a m p l e .	 ﾠ (C,D)	 ﾠ
Simulations	 ﾠof	 ﾠcollection	 ﾠefficiency	 ﾠof	 ﾠback-ﾭ‐scattered	 ﾠforward-ﾭ‐traveling	 ﾠlight	 ﾠversus	 ﾠdetector	 ﾠradius	 ﾠ
for	 ﾠ(C)	 ﾠdifferent	 ﾠscattering	 ﾠmean	 ﾠfree	 ﾠpaths	 ﾠµS	 ﾠof	 ﾠthe	 ﾠsample	 ﾠand	 ﾠ(D)	 ﾠdifferent	 ﾠnumerical	 ﾠapertures	 ﾠ
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Fig.	 ﾠ 3	 ﾠS R S 	 ﾠs k i n 	 ﾠi m a g i n g 	 ﾠi n 	 ﾠl i v i n g 	 ﾠm i c e . 	 ﾠ(A)	 ﾠS R S 	 ﾠi m a g e 	 ﾠo f 	 ﾠl i p i d s 	 ﾠo f 	 ﾠt h e	 ﾠ stratum	 ﾠ corneum	 ﾠs h o w s 	 ﾠ
intercellular	 ﾠspaces	 ﾠbetween	 ﾠhexagonal	 ﾠcorneocytes	 ﾠand	 ﾠ(B)	 ﾠSRS	 ﾠwater	 ﾠimage	 ﾠ(3250	 ﾠcm-ﾭ‐1)	 ﾠof	 ﾠthe	 ﾠ
same	 ﾠ region	 ﾠ shows	 ﾠ a	 ﾠ homogenous	 ﾠ distribution	 ﾠ of	 ﾠ water.	 ﾠ (C)	 ﾠ A	 ﾠ CARS	 ﾠ water	 ﾠ image	 ﾠ acquired	 ﾠ
simultaneously	 ﾠwith	 ﾠ(B)	 ﾠshows	 ﾠartifacts	 ﾠfrom	 ﾠthe	 ﾠnon-ﾭ‐resonant	 ﾠbackground	 ﾠof	 ﾠlipids.	 ﾠ(D)	 ﾠSRS	 ﾠlipid	 ﾠ
and	 ﾠ(E)	 ﾠwater	 ﾠimages	 ﾠof	 ﾠthe	 ﾠviable	 ﾠepidermis	 ﾠshow	 ﾠsebaceous	 ﾠglands	 ﾠwith	 ﾠpositive	 ﾠand	 ﾠnegative	 ﾠ
contrast,	 ﾠrespectively.	 ﾠ(F)	 ﾠSRS	 ﾠimages	 ﾠof	 ﾠthe	 ﾠviable	 ﾠepidermis	 ﾠat	 ﾠthe	 ﾠCH3	 ﾠstretching	 ﾠvibration	 ﾠ(2950	 ﾠ
cm-ﾭ‐1)	 ﾠmainly	 ﾠhighlights	 ﾠproteins	 ﾠas	 ﾠwell	 ﾠas	 ﾠresidual	 ﾠlipid-ﾭ‐rich	 ﾠstructures.	 ﾠA	 ﾠcapillary	 ﾠwith	 ﾠindividual	 ﾠ
red	 ﾠ blood	 ﾠ cells	 ﾠ (arrow)	 ﾠ is	 ﾠ visible.	 ﾠ The	 ﾠ cells	 ﾠa r e 	 ﾠi m a g e d 	 ﾠw i t h o u t 	 ﾠm o t i o n 	 ﾠb l u r 	 ﾠd u e 	 ﾠt o 	 ﾠv i d e o 	 ﾠ rate	 ﾠ
acquisition	 ﾠspeed.	 ﾠ(G)	 ﾠSRS	 ﾠin	 ﾠvivo	 ﾠflow	 ﾠcytometry.	 ﾠAn	 ﾠx-ﾭ‐t	 ﾠplot	 ﾠacquired	 ﾠby	 ﾠline-ﾭ‐scanning	 ﾠacross	 ﾠa	 ﾠ
capillary	 ﾠat	 ﾠthe	 ﾠposition	 ﾠof	 ﾠthe	 ﾠarrow	 ﾠin	 ﾠ(F).	 ﾠIndividual	 ﾠred	 ﾠblood	 ﾠcells	 ﾠare	 ﾠcaptured	 ﾠon	 ﾠthe	 ﾠfly.	 ﾠ(A-ﾭ‐E)	 ﾠ
are	 ﾠacquired	 ﾠin	 ﾠepi-ﾭ‐direction,	 ﾠwhile	 ﾠ(F)	 ﾠand	 ﾠ(G)	 ﾠare	 ﾠacquired	 ﾠin	 ﾠtransmission,	 ﾠall	 ﾠwith	 ﾠ37	 ﾠms	 ﾠ/	 ﾠframe	 ﾠ
acquisition	 ﾠspeed	 ﾠand	 ﾠ512	 ﾠx	 ﾠ512	 ﾠpixel	 ﾠsampling.	 ﾠScale:	 ﾠ25	 ﾠµm.	 ﾠ	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Fig.	 ﾠ4	 ﾠIn	 ﾠvivo	 ﾠimaging	 ﾠof	 ﾠdrug	 ﾠpenetration	 ﾠof	 ﾠtrans-ﾭ‐retinol.	 ﾠ(A-ﾭC)	 ﾠSRS	 ﾠimages	 ﾠof	 ﾠhair	 ﾠand	 ﾠstratum	 ﾠ
corneum	 ﾠin	 ﾠthe	 ﾠear	 ﾠof	 ﾠa	 ﾠliving	 ﾠmouse.	 ﾠ(D-ﾭF)	 ﾠImages	 ﾠof	 ﾠa	 ﾠhair	 ﾠshaft	 ﾠwithin	 ﾠthe	 ﾠviable	 ﾠepidermis.	 ﾠ	 ﾠ(G-ﾭI)	 ﾠ
Images	 ﾠof	 ﾠa	 ﾠsebaceous	 ﾠgland	 ﾠwithin	 ﾠthe	 ﾠviable	 ﾠepidermis.	 ﾠ(J-ﾭL)	 ﾠDepth	 ﾠprojection	 ﾠof	 ﾠthree-ﾭ‐dimensional	 ﾠ
image	 ﾠstacks	 ﾠof	 ﾠthe	 ﾠviable	 ﾠepidermis.	 ﾠImages	 ﾠare	 ﾠacquired	 ﾠat	 ﾠthe	 ﾠindicated	 ﾠRaman	 ﾠshifts.	 ﾠContrast	 ﾠ
coming	 ﾠprimarily	 ﾠfrom	 ﾠprotein	 ﾠ(2950	 ﾠcm-ﾭ‐1)	 ﾠand	 ﾠlipid	 ﾠ(2845	 ﾠcm-ﾭ‐1)	 ﾠshows	 ﾠthe	 ﾠmorphology	 ﾠof	 ﾠthe	 ﾠskin	 ﾠ
with	 ﾠall	 ﾠits	 ﾠstructural	 ﾠelements	 ﾠand	 ﾠsub	 ﾠcellular	 ﾠresolution	 ﾠ(see	 ﾠnuclei	 ﾠin	 ﾠD	 ﾠand	 ﾠK).	 ﾠHairs	 ﾠare	 ﾠvisible	 ﾠas	 ﾠ
solid	 ﾠstructures	 ﾠin	 ﾠthe	 ﾠprotein	 ﾠimage	 ﾠ(D)	 ﾠand	 ﾠsurrounded	 ﾠby	 ﾠoil	 ﾠsecreted	 ﾠfrom	 ﾠthe	 ﾠsebaceous	 ﾠglands	 ﾠ
in	 ﾠthe	 ﾠlipid	 ﾠimage	 ﾠ(E).	 ﾠWe	 ﾠare	 ﾠable	 ﾠto	 ﾠvisualize	 ﾠwith	 ﾠSRS	 ﾠthat	 ﾠdrug	 ﾠpenetration	 ﾠof	 ﾠthe	 ﾠtopically	 ﾠapplied	 ﾠ
trans-ﾭ‐retinol	 ﾠ(C)	 ﾠoccurs	 ﾠalong	 ﾠthe	 ﾠhair	 ﾠshaft	 ﾠ(F,I	 ﾠand	 ﾠL).	 ﾠImages	 ﾠare	 ﾠcollected	 ﾠin	 ﾠtransmission	 ﾠwith	 ﾠ37	 ﾠ
ms	 ﾠ/	 ﾠframe	 ﾠacquisition	 ﾠspeed	 ﾠand	 ﾠ512	 ﾠx	 ﾠ512	 ﾠpixel	 ﾠsampling.	 ﾠScale:	 ﾠ25	 ﾠµm.	 ﾠ
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Fig.	 ﾠ 5	 ﾠS R S 	 ﾠs k i n 	 ﾠi m a g i n g 	 ﾠi n 	 ﾠliving	 ﾠ humans.	 ﾠ (A-ﾭC)	 ﾠS R S 	 ﾠi m a g e s 	 ﾠo f 	 ﾠt h e 	 ﾠstratum	 ﾠ corneum	 ﾠa n d 	 ﾠv i a b l e 	 ﾠ
epidermis	 ﾠtuned	 ﾠinto	 ﾠCH3	 ﾠstretching	 ﾠvibration	 ﾠof	 ﾠproteins	 ﾠ(2950cm-ﾭ‐1)	 ﾠshowing	 ﾠnuclei	 ﾠof	 ﾠvariable	 ﾠsize	 ﾠ
(A	 ﾠand	 ﾠB)	 ﾠas	 ﾠwell	 ﾠas	 ﾠa	 ﾠhair	 ﾠ(C).	 ﾠ(D)	 ﾠSRS	 ﾠimage	 ﾠof	 ﾠDMSO	 ﾠpenetrating	 ﾠthe	 ﾠskin	 ﾠat	 ﾠthe	 ﾠsame	 ﾠregion	 ﾠas	 ﾠ(C).	 ﾠ
We	 ﾠfind	 ﾠthat	 ﾠDMSO	 ﾠalso	 ﾠaccumulates	 ﾠin	 ﾠthe	 ﾠhair	 ﾠshaft.	 ﾠWe	 ﾠused	 ﾠdeuterium	 ﾠlabeling	 ﾠto	 ﾠcreate	 ﾠa	 ﾠunique	 ﾠ
vibration	 ﾠof	 ﾠd6-ﾭ‐DMSO	 ﾠat	 ﾠ2120	 ﾠcm-ﾭ‐1	 ﾠfor	 ﾠspecific	 ﾠimaging.	 ﾠImages	 ﾠare	 ﾠacquired	 ﾠin	 ﾠepi-ﾭ‐direction	 ﾠon	 ﾠthe	 ﾠ
forearm	 ﾠof	 ﾠa	 ﾠvolunteer.	 ﾠImage	 ﾠacquisition	 ﾠtime	 ﾠis	 ﾠ150	 ﾠms	 ﾠfor	 ﾠ(A)	 ﾠand	 ﾠ(B)	 ﾠand	 ﾠ37	 ﾠms	 ﾠfor	 ﾠ(C)	 ﾠand	 ﾠ(D),	 ﾠall	 ﾠ
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